The understanding of near-wall motion, evaporation behavior and dry pattern of sessile nanofluid droplets is fundamental to a wide range of applications like painting, spray drying, thin film coating, fuel injection and inkjet printing. However, a deep insight into the heat transfer, fluid flow, near-wall particle velocity and their effects on the resulting dry patterns is still much needed to take the full advantage of these nano-sized particles in the droplet. This 
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Introduction
Liquid droplet evaporation has a wide range of applications such as inkjet printing, thin film coating, spray drying, fuel injection and optoelectronic device manufacturing [1] [2] [3] [4] , as well as the diagnosis of diseases from drying the blood droplet and DNA microchips [5] [6] [7] . The deposition pattern of a droplet depends on the fluid flow within the droplet [8] [9] [10] [11] [12] [13] , temperature gradient [9, 14, 15] , concentration and type of the nanoparticles [16] [17] [18] . The nature of the substrate [19] [20] [21] [22] [23] and type of base fluid [24, 25] also have important roles on the formation of droplet deposition patterns. The fluid flow within a nanofluid based droplet during evaporation can either be a capillary flow or Marangoni flow. When the peripheral walls of the droplet are pinned on the substrate surface at solid-liquid-vapor interface, also called three phase line or triple line, liquid flows radially outward to refill the liquid loss due to evaporation, which is known as capillary flow [12] . Marangoni flow, on the contrary, works with a reverse direction and due to nonuniformly distributed surface tension alongside the liquid-vapor line. This uneven distribution of surface tension may either be due to the temperature gradient [14, 15] or concentration gradient [12, 26] .
The effect of various types of nanoparticles on the evaporation of a droplet has been investigated in many studies [16] [17] [18] . Gan et al. [16] studied the evaporation rate of ethanol based Al 2 O 3 and
Al nanofluid at various radiation levels, and showed that the evaporation rate of Al nanofluid was better than that of Al 2 O 3 due to a higher absorption of Al nanoparticles. The effect of adding laponite, Fe 2 O 3 and Ag nanoparticles to deionized water was investigated by Chen et al. [17] in terms of nanofluid droplet evaporate rate. The evaporation rate constants for nanofluids were found to be different from the classical d 2 -law. While Ag enhanced the evaporation rate, laponite and Fe 2 O 3 particles were found to suppress it, which was ascribed to the apparent heat of vaporization. Sefiane and Bennacer [18] found a reduction in the evaporation rate of ethanol based aluminum nanofluid droplet on a heated PTFE (Polytetrafluoroethylene) surface as compared to the base fluid. In addition, they observed that the droplet evaporation followed the d 2 -law under higher convective temperature but not at lower or natural convection conditions [27] . Wei et al. [28] investigated numerically the dependence of evaporation rate on the Peclet number, particle concentration and contact angle of the droplet containing nanoparticles. Gan and Qiao [29] observed experimentally that adding MWCNT's to ethanol enhanced the evaporation rate and droplet temperature due to improved optical absorption. Information on the micro flow visualization via nanoparticle image velocimetry (nPIV) and total internal reflection microscopy (TIRFM) for velocity measurement can be consulted in the supporting material.
Using nanoparticles for direct absorption of solar energy in a working fluid is a recent development [30] [31] [32] [33] [34] [35] [36] [37] [38] . Most of the work is at the macro scale in which either the nanoparticle assisted fluid heating [32, 33, 37, 38] or steam generation [30, 35, 36] were investigated under various radiation conditions by studying the space and/or temporal temperature variation over the time. However, the information regarding heat transfer, fluid flow, particle velocity and subsequent dry patterns at the micro droplet level is still lacking in the literature. This work proposed a novel experimental study to reveal the real time motion of fluorescent particles in a droplet of nanofluid near the three phase contact line by using TIRFM and MnPIV techniques [39] . The radiation absorptivity of Si/Ag hybrid nanoparticles at the micro droplet level is studied under different radiation fluxes and the corresponding droplet evaporation rates are revealed. The deposition patterns of the nanofluid droplet after the evaporation are obtained with the help of tracer particles using TIRFM. The particle movement behavior during the droplet evaporation is further explained with the help of obtained deposition patterns.
Experimental section

Reagents and devices
A commercially available silicon powder (supplied by Nanostructured &Amorphous material Inc.) and silver nitrate, AgNO 3 (Sigma Aldrich Co) were used to synthesize Si/Ag core/shell hybrid nanoparticles. To visualize the flow dynamics and deposition patters under total internal reflection fluorescence microscopy (TIRFM), fluorescent polystyrene microspheres (Invitrogen FluoSphere F8803 supplied by Thermo Fisher) with 50 nm as nominal radius were used as tracer particles. Tracer particle with two concentrations of 2.5 × 10 -4 w/v% and 5.0 × 10 -4 w/v% were used with various concentrations of core/shell Si/Ag nanoparticles. The droplet evaporation tests were conducted on a pendant drop setup (JC2000D4M), equipped with a computer controlled high speed camera and coverslips (Thermo Fisher) were used as substrate.
Nanoparticle synthesis
The synthesis of Si/Ag core/shell hybrid nanoparticles was completed in two phases. The first phase included the dispersion of Si nanopowder with a particle size between 40 nm and 100 nm.
The second step in the core-shell fabrication process was to coat the Si nanoparticles with Ag through solution impregnation technique. This is a modified methodology developed by Kumar For morphological analysis on transmission electron microscope (TEM), holey Au grids were used where a drop of the core/shell Si/Ag hybrid nanofluid was dried on shiny side of grid before further analysis. TEM analysis in Fig. 1 clearly shows that Si nanoparticles are coated with Ag.
The inner dark round area in red circle in Fig. 1 (b) is the Si core while the light cloud in blue circle around the dark core is coating of silver.
Experimental setup and procedure
The velocity of the tracer particles near the three phase contact line of the droplet was measured 
The intensity of the evanescent wave can be expressed as below [41] ;
Where and are the evanescent wave intensityand the maximum intensity at the wall (i.e.
) respectively and and are the distance normal to the wall and the penetration depth respectively. The penetration depth ( ) can be expressed as in Eq. (2); (3) Where is the wavelength of the incident light, is the incident angle. The glass coverslips (Thermo Fisher) treated with piranha solution (3:1 volume ratio of 98% H 2 SO 4 and 30% H 2 O 2 )
to make them highly hydrophilic as described in [23] were used as substrate. For the case of near wall motion analysis of the tracer particles in the nanoparticle hybrid droplet and their subsequent dry patterns, the ambient temperature and relative humidity were maintained at 22 ± Hz. The imaging system with 60x magnification has field view of 68.26 × 68.26 µm 2 . The excitation light with a very small intensity (5mW) has a negligible influence on the droplet evaporation which was also confirmed by recording the total drying time with and without excitation light under the same ambient conditions. A schematic of the TIFRM setup is given in Fig. 2 (a) and a photo of the inverted microscope is given in Figure S1 in the supporting data.
The experimental procedure includes the steps: (i) lubricating the TIRFM objective lens with appropriate volume of immersion oil, (ii) placing the prepared glass coverslip (substrate) on the TIRFM objective, (iii) dripping a drop 0.5 µL of nanofluid with a precise micropipette (Fisher Scientific) on the substrate, (iv) adjusting the objective lens to bring the bottommost part of the droplet in focus, (v) adjusting the incident angle of the excitation light for the generation of an evanescent wave at the lowermost part of the substrate for total internal reflection and bringing the objective lens in perfect focus, (vi) recording the particle motion information through EMCCD with an interval of 10 second till the complete evaporation of the droplet, (vii) image processing using standard algorithm of particle velocimetry and (viii) changing the nanofluid concentration by following the steps (ii) through (vii). A schematic of the experimental procedure for flow analysis is also shown in Fig. 3 . In one measurement, the EMCCD recorded a series 100 images with 50 sets of in-plane intensity data which were averaged to minimize the chance random error.
The tracer particle position with respect to the wall and thus the movement of the tracer particles in the liquid film close to the three phase line can be quantified by processing the images using standard algorithm of particle velocimetry. The technique and its accuracy had already been validated by various researchers [21, [41] [42] [43] using different methods including micro scale Poiseuille flow, near wall flow, nanoscale near wall contact line visualization and electro osmotic flow. The uncertainty in the velocity can be reduced to <4% by carefully choosing the size of measuring window, time interval and averaging multiple results as suggested by R. Sadr et al. [44] .
The evaporation of the nanofluid droplet containing Si/Ag nanoparticles and fluorescent tracer particles was carried out on a pendant drop setup (JC2000D4M) under different irradiance levels as schematically shown in Fig. 2 (b) . The droplet drying process was imaged with a high speed CCD camera at the rate of 25 frames per second. The spatial resolution of the imaging system was about 3 µm per pixel. The distance between the imaging system and the droplet was kept constant to have comparable results. A micro syringe pump was used to drip the droplet on the glass substrate. The droplet was evaporated three times under each radiation condition to confirm the consistency in the drying time recording. Images were taken from the time of dripping the droplet onto the glass substrate till it vanished completely. A self-developed MATLAB code was used to process all the images which counts the number of pixels in the droplet zone. The pixels could be converted to droplet nominal diameter, droplet height and volume at different time intervals during the evaporation by scaling the pixels to an object of known size. The deposition patterns of the dried droplet in each case were recorded on TIRFM setup using laser light and 10x magnification objective with EMCCD.
Results and analysis
Near-wall tracer particle motion analysis
The measurement of in-plane average velocity of tracer particles near the three phase line of the nanofluid droplet was done using MnPIV technique from the series of images recorded through EMCCD. The average in-plane near wall velocity of tracer particles dispersed in deionized water without nanoparticles is shown in Fig. 4 (a) and the velocity of tracer particles in hybrid with Si/Ag core/shell nanoparticles at various concentrations is given in Fig. 4 (b) . The flow behavior of the tracer particles within the droplet could be influenced by either Marangoni convection or capillary convection. As there is no externally applied heat source on the droplet area, the temperature difference developed on the basis of natural evaporation only is not enough to develop a Marangoni effect [13] . Hence the capillary flow is thought to be the main cause of tracer particles near the three phase line of the droplet, which is also supported by the ring like deposition pattern of the droplet after evaporation as shown in Fig. (5) .Via particle movement analysis through TIRFM objective lens of the inverted microscope, it was observed that the outward velocity of tracer particles from the central part of the droplet was increased as they approach the contact line. This phenomenon can be attributed to a much higher evaporation rate near the three phase contact line of the droplet than at the central portion. Consequently a compensatory fluid flow from the center to the edge of the droplet is induced. This non-uniform evaporation rate of the droplet along the radial direction can be described quantitatively by taking the average in-plan tracer particle velocity and the wettability close to the edge of the droplet into account [45] and is given as below;
Where is the distance between the position of the tracer particle and the center of the droplet, is the initial radius of the droplet and the constant can be expressed as below; (5) where is the contact angle of the droplet with the substrate.
It was also observed while looking through TIRFM objective lens illuminated by an evanescent wave that the tracer particle motion is complicated at the early stage of the droplet evaporation.
The overall motion of the particles at the initial evaporation phase was such that the tracer particles were moving towards the center of the droplet in lower sublayers and towards the droplet edge in the upper sublayers indicating a compensatory circulating flow towards the three phase contact line region. The particle motion at the lower sublayers of the droplet was suppressed at the final evaporation phase and the velocities of the tracer particles from the center to the droplet edge increased continuously as shown in Fig 4, irrespective of the concentration of the tracer particles and nanoparticles. A slight decrease in the particle velocity was observed at the last moment of evaporation of droplet having no Si/Ag nanoparticles (B1 and B2) as shown in Fig. 4 (a) . But no such suppression in velocity was observed for the droplets having Si/Ag nanoparticles in hybrid with the tracer particles (H1 through H4) as shown in Fig. 4 (b) , which can be associated to a relatively rapid evaporation rate at the final evaporation phase.
The velocity profiles of the tracer particle in the droplet as given in Fig. 4 (b) show that the near wall velocity in the droplet having less concentration of Si/Ag nanoparticles is higher than that of higher concentration at a given tracer particle concentration. Also the motion of the tracer particle is suppressed close to the three phase contact line as the concentration of the fluorescent particles or Si/Ag nanoparticle is increased. This might be associated with the increased particle density and the inter-particle collisions, which may suppress the movement of the particles in the droplet during evaporation.
The deposition patterns of the droplet dried under the ambient conditions and in the absence of any external heat source are shown in Fig. 5 .The evaporation of the sessile droplet may follow the constant contact radius (CCR) mode or the constant contact angle (CCA) mode or combination of them. In CCR mode, the contact line of the droplet is pinned to the substrate and the contact angle keeps on decreasing while the contact angle remains fixed and the droplet contact area keeps decreasing during the evaporation in CCA mode [46] . The evaporation of the droplets in the current study followed the CCR mode during the initial evaporation phase while the CCA mode was followed at the dry out phase of the droplet as shown in Fig. 5 , which is inline with the observation from a few other researchers [28, [47] [48] [49] . tightly packed concentric multi rings, as also mentioned by Sun et al. [23] . With the inclusion of nanoparticles, the inward movement of tracer particles was retarded, as suggested by a nearly zero tracer particle concentration at the center of the droplet after drying. Instead high concentrations of tracer particles are seen in outer rings, which suggests that during CCA mode, the presence of nanoparticles retarded the inward movement of the contact line and increased the pinning time, drawing the surrounding tracer particles to the contact line.
Droplet evaporation and deposition patterns
The evaporation profiles of the droplets for various concentrations of the fluorescent particles and core/shell Si/Ag nanoparticles under varying irradiance levels are given in Fig. 7and Fig. 8 .
There was a slight variation in the initial droplet volume in each experiment, normalized volume ( ) during the droplet evaporation time are compared which can be calculated as below; (6) Here is the droplet volume at any time during the evaporation and is the initial droplet volume. As the normalized volume is a ratio of the volumes, it does not have any unit. Figure S2 in supporting material shows the evaporation of the droplet containing tracer particles only (B1 and B2) and act as a baseline for the hybrid droplet evaporation. Figure S2 (a) shows that the tracer particles have negligible influence on the evaporation of the droplet. As the tracer particles are the fluorescent particles only (i.e. with very weak light absorptivity), the change in the intensity of light as a heat source has almost no influence on the droplet evaporation behaviour. Fig. 7 (b) . The droplet evaporation rate is increased from 9 µL/s to 14 µL/s with the addition of only 0.006 w% Si/Ag nanoparticles, i.e., an enhancement of 55.5% over the base fluid.
The fluid flow dynamics and the effect of nanoparticle addition on the three phase contact line pinning during the droplet evaporation can also be observed from the deposition patterns. The particles in the droplets having different particle concentrations and evaporated under varied irradiance levels exhibited different deposition patterns as can be seen in Fig. 8 and Fig. 9 .
Similar to the non-irradiation case, a non-uniform evaporation caused by the capillary flow takes most of the particles in the droplet to the contact line and deposited there. Consequently a bright ring is developed as shown in Fig. 8 . It can be stated that the very first pinning-depinningpinning cycle of the droplet contact line during almost half of the droplet evaporation time is wider for the lower particle concentrations than that of higher concentrations of the tracers as well as Si/Ag nanoparticles. Then the recurring process of pinning and depinning of the droplet contact line which is also known as 'stick-slip behavior' starts till the complete evaporation of the droplet thereby giving a multi-ring like patter of the dried droplet. In some cases, the contact line is pinned and the residual fluid at the center of the droplet is moved to the pinned edge under thermocapillary flow at the final evaporation stage of the droplet, leaving a relatively empty space at the center of the droplet as shown in Fig 8 (c) and Fig. 9 (b and c) . The recurring rate of stick-slip of the contact line of droplet having higher particle loading and under the higher thermal intensity is so fast that the overlapping or in some cases very tightly packed asymmetric rings pattern is developed during the droplet evaporation as can be seen in Fig. 9 .
The particle velocity, evaporation rate and deposition patterns of the droplet are significantly influenced by the concentration of the Si/Ag core/shell nanoparticles, tracer particles and radiation intensity. The concentration of the nanoparticles greatly enhanced the droplet evaporation rate due to the highly absorbing Si/Ag nanoparticle, which also influence the deposition patterns. However the mechanism of asymmetrically deposited particles duration the evaporation of the droplets containing tracer particle and Si/Ag nanoparticle hybrids is a complex phenomenon and required further detailed study.
Conclusion
The near wall particle motion, evaporation rate and deposition patterns of sessile droplets containing a hybrid of tracer particles and core/shell Si/Ag nanoparticles are investigated experimentally in this paper. This is an advancement in the preliminary studies [21, 23] on the near-wall fluorescent particle motion in a sessile droplet evaporation. Unlike the numerous numerical [50, 51] or experimental and/or numerical [11, 27, 52, 53] contact angle (CCA) modes of the droplet evaporation were followed recurrently during the evaporation process, which is consistent with the observation of some other researchers [28, [47] [48] [49] , giving rise to asymmetrical deposition patterns. The nanoparticle concentration significantly influenced the droplet evaporation rate, leading to an irregular deposition patterns. The addition of radiation-sensitive Si/Ag composite nanoparticles in the droplets may be a very important feature in spray drying and thin film coating on which the future work will be focused. Fig. 1 TEM micrograph of the core/shell Si/Ag nanoparticles. 
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